reactive responses if an immune system biased by a
-IgG1 MHC dimer staining to measure viral peptidemany infections producing memory T cells at the levels specific T cell number and function, we show here that produced by LCMV. Thus, there must be a deletion of heterologous virus infections quantitatively delete and preexisting memory populations when the host requalitatively alter the memory pool of T cells specific sponds to another pathogen. to a previously encountered virus. We also show that
Marked decreases in pCTL occur in mice sequentially a prior history of a virus infection can alter the hierarinfected with a series of viruses that elicit systemic infecchy of the immunodominant peptide response to a tions and strong CD8 T cell responses (Selin et al., 1996). second virus and that virus infections selectively reac-

Mice infected with LCMV and then, at 2 or more month tivate memory T cells with distinct specificities to earintervals, with Pichinde virus (PV), vaccinia virus (VV), lier viruses. These results are consistent with a model
and murine cytomegalovirus (MCMV) reduced pCTL frefor the immune system that accommodates memory quencies specific to all previous viruses with each suc-T cell populations for multiple pathogens over the cessive viral infection. On average, one systemic virus course of a lifetime. infection reduced pCTL specific to an earlier virus by 3-fold, and two additional infections reduced pCTL to an earlier virus by 8-fold. The degree of pCTL reduction Introduction was not, however, proportionally equal between different viruses, as, for example, an infection that reduced Antigen-specific CD8 T cells generated during acute LCMV-specific pCTL by 2-fold in the same mice reduced viral infections enter the memory pool and provide host PV-specific pCTL by 5-fold. This suggests that qualitaresistance on reexposure to the virus. The development tive changes relating to the T cell specificity may be of antigen-specific T cell staining using tetrameric (Altinfluencing the degree of memory T cell attrition. These man et al., 1996) or dimeric (Greten et al., 1998) An important factor that might influence the decline phase of the response, and over 10% of the CD8 T cells in CTL memory after heterologous viral infections is remain virus specific after the immune system returns to whether or not putatively unrelated pathogens can homeostasis (Murali-Krishna et al., 1998). Virus-specific cross-reactively stimulate memory T cells specific to CTL memory is extremely stable, as demonstrated origipreviously encountered viruses. Although the T cell renally by LDA, which showed that CTL precursor (pCTL) sponse to an infection is predominantly specific for the frequencies for several viruses and for each of three virus, it is also degenerate in that many of the virus-LCMV-encoded immunodominant epitopes (NP396, specific T cells can recognize other antigens. It has been GP33, and GP276) can remain stable for up to 2 years calculated that a single TCR may recognize up to a (Oehen et al., 1992; Hou et al., 1994; Lau et al., 1994;  million different peptide sequences (Mason, 1998) . Our studies have shown that viruses once thought not to be cross-reactive at the levels of T cells can elicit cross- § To whom correspondence should be addressed (e-mail: raymond.
welsh@umassmed.edu).
reactive responses if an immune system biased by a memory T cell pool specific for one virus is challenged these proportions and hierarchy as a consequence of heterologous infections can be shown to be highly stawith a heterologous virus. A low frequency of memory T cells in the starting population that can be stimulated tistically significant. Figure 1A demonstrates by LDA that heterologous cross-reactively with the second virus quickly expands and may enhance viral clearance of the second infection viral infections cause an overall reduction of the LCMVspecific pCTL frequency, as shown here by summing or contribute to immunopathogenesis (Selin and Welsh, 1994; Selin et al., 1994 . This the frequencies of the three immunodominant peptides. As shown previously , homeostasis type of cross-reactive expansion might enable unrelated viruses to qualitatively as well as quantitatively change in lymphoid number occurred by 6 weeks after each infection. The numbers of splenic leukocytes after 2 the memory T cell pools specific for previously encountered infectious agents. We show here that heterologous (1.1 ϫ 10 8 Ϯ .1 SEM, n ϭ 12), 3 (1.1 ϫ 10 8 Ϯ .1; n ϭ 7), 4 (1.0 ϫ 10 8 Ϯ .1; n ϭ 8), or 5 (0.9 ϫ 10 8 Ϯ .1; n ϭ 4) viruses quantitatively delete and qualitatively alter the memory pool of T cells specific to a previously encouninfections were no greater than after the initial LCMV infection (0.9 ϫ 10 8 Ϯ .1; n ϭ 14 Figure 1A shows that PV infection after LCMV resulted in a predominantly GP33-specific A prior exposure to heterologous viruses before LCMV infection also affects the LCMV-specific T cell pool (Figreduction that reversed if the mice were then infected with VV. In the LCMV-immune mouse, 61.1% of the pCTL ures 2A and 2B). Prior immunity to PV resulted in 1.6-fold lower total LCMV-specific pCTL (5.2% vs 3.3%), and were GP33-specific, but after PV infection this decreased to 50.5%, and the NP396-specific frequency the epitope-specific pCTL repertoire was qualitatively different. NP396 represented 49.2% of the repertoire as increased from 30.4% to 40.5% of the memory pool. Subsequent VV infection of LCMVϩPV-immune mice compared to only 30.4% in the control LCMV-immune repertoire. There was also a greater portion of pCTL dramatically altered the peptide-specific response. There appeared to be a preservation of GP33-specific specific to GP276 (20.2%) in comparison to the control LCMV-immune mice (8.5%). When the PVϩLCMV-pCTL by VV but a loss in NP396-specific memory pCTL (p Ͻ .03), as at this point the GP33-specific response immune mice were subsequently exposed to VV and then to MCMV, there was a greater (2.7-fold) deletion of represented 74.8% of the LCMV-specific memory pool. When MCMV followed VV infection, there was a further the NP396-specific memory pool than the GP33-specific pool, whose proportion rose from 30.5% to 45.5%. reduction in the total LCMV-specific pCTL, leaving the host with 5.3-fold decrease in GP33-specific pCTL (p Ͻ Mice previously immune to VV before infection with LCMV also had a 1.7-fold lower total LCMV-specific .005), but only a 1.4-fold decrease in GP276-specific and a 2.7-fold decrease in NP396 responses compared pCTL pool. Their T cell repertoire to LCMV was also altered in comparison to the LCMV-only pool, with a to the LCMV-immune control. At this point GP33 (43.8%) and NP-396 (42.7%) specific pCTL represented about more equal proportion of GP33 (45.1%) and NP396 (37.7%) specific pCTL. The GP276-specific response equal portions of the memory pool, and the proportion of GP276-specific pCTL had increased to 13.5%. VSV was also increased proportionally and represented 17.3% versus 8.5% of the LCMV-only pool. The infection further decreased the GP33-specific pool so that it was 7.7-fold less than the original memory pool VVϩLCMV-immune mice, when subsequently exposed to PV and then MCMV, demonstrated an equal proporin LCMV-only immune mice (p Ͻ .04), and the proportion of the response that was GP276-positive further intional loss against each of the three peptides in comparison to the VVϩLCMV-immune mice. The total number creased to 15.3%. Rechallenge of LCMV-immune mice with LCMV resulted in proportional increases in the of LCMV-specific pCTL was quite reduced in the VVϩLCMVϩPVϩMCMV-immune mice. These experi-NP396-specific pCTL. Collectively, these results suggest that there is a mechanism that results in the attrition ments indicate that when the memory T cell pool contains T cells specific to a previously encountered virus, of memory T cells specific to viruses to which the host the nature of the T cell response to a subsequent viral infection is altered.
Selective Reduction of Epitope-Specific Memory CD8 T Cells as Assayed by Intracellular IFN␥ Staining
Because LDAs require first the outgrowth of T cells in culture and then a functional cytotoxicity assay, we deemed it important to analyze T cell attrition by additional mechanisms. We therefore used the technique of intracellular IFN␥ staining. Figure 3i shows in age-matched mice that subsequent heterologous viral infections elicited an overall decrease in the percentage of LCMV-specific IFN␥-producing CD8 memory T cells. Totaling the peptides NP396-404, GP33-43, and GP276-286, PV infection of LCMV-immune mice resulted in an approximately 1.6-fold decrease (total %ϭ7.3) in LCMV-specific IFN␥-producing CD8 T cells; two subsequent viruses (PVϩVV) resulted in a 1.8-fold (total percent ϭ 6.3) decrease in LCMV-specific IFN␥-producing CD8 T cells; three subsequent viruses (PVϩVVϩMCMV) resulted in a 3.9-fold decrease (total percent ϭ 3.7) in LCMV-specific IFN␥-producing CD8 T cells.
We have up to this time used the GP33-43 peptide in our LDA CTL analyses based on the assumption that in the 18 hr incubation on target cells, it will be processed by cellular proteases and will be presented both as an H-2D b (GP33-41) as well as an H-2K b (GP33-43) epitope. However, in the much shorter intracellular IFN␥ assay, it may not be processed as efficiently. Also, the D b -IgG1 MHC dimer, which will be described in the next section, LDA and IFN␥ techniques give similar results in paired assays, although the IFN␥ assay was about 2-fold more efficient. The IFN␥ assay demonstrated proportionally higher GP276 responses than the LDA technique, but both assays showed a very similar proportional decrease in each epitope-specific response in LCMVimmune mice challenged with three subsequent viruses. The greatest proportional decrease in both assays was that of the GP33 response (5.3-or 5.5-fold). The observation that the GP276-specific CD8 population may represent a greater proportion of the IFN␥-producing cell response may indicate functional differences in the LCMV epitope-specific memory populations or the possibility that GP276-specific pCTL do not grow out well in LDAs. Figure 5A ). These vi-LCMV and VV, but the relative importance of crossreactivity versus nonspecific bystander activation in the ruses contain single amino acid alterations in the specific epitopes and were generated by Oldstone et al. reactivation of LCMV-specific memory cells has not been clarified. The following experiments were designed (1995) by culturing the virus in the presence of a T cell clone specific to the epitope that was to be deleted. to determine whether this reactivation in bulk is a nonspecific bystander activation or whether there is selec- Figure 5A shows bulk CTL assays of splenocytes from acutely infected mice 8 days postinfection. The parent tivity in this reactivation, which would be suggestive of a role for cross-reactivity. Mice were immunized to the strain generated a response with the normal hierarchy LCMV-and PV-specific CD8 T cells; no such activity was found in naive mice infected with PV (Selin and Welsh, 1997). Nevertheless, there were proportional of GP33ϾNP396ϾGP276, much like that observed with changes in epitope-specific responses that did not re-LDA for pCTL in immune mice. The NP396 mutant (NPV) flect the hierarchy established by the original LCMV ingenerated a much reduced response to NP396, the fection. For instance, the NPV acutely infected mouse GP33 mutant (GP1V) had a reduced response to GP33, had a 7-fold greater GP33-response compared to and the mutant in all three epitopes (GPNPV) generated NP396, whereas the NPV-immune mice challenged with a weak response to all three epitopes, much as would PV demonstrated a significant reactivation of the NP396-be expected. There was in each case, however, still specific response, which was only 1.7-fold less than the some level of recognition against the putatively deleted GP33-specific CTL response. It is also noteworthy that epitopes, presumably by T cells that do not require the acute PV infection proportionally increased the NP396 particular amino acids that were deleted to interact with response in mice immune to wild-type LCMV, and this is this peptide. These viruses nevertheless gave us the reflected in the data on pCTL frequencies in LCMVϩPV-opportunity to generate LCMV-specific memory T cell immune mice, which showed proportionally higher populations containing different proportions of memory NP396 responses than LCMV-only immune mice (Fig-T cells specific PVϩVVϩMCMV-immune, or mice infected with LCMV spectratype analyses, which have shown that some clones are so dominant that their spectratypes can be twice previously were challenged with LCMV. At 6 days postinfection, we quantified which LCMV immunodomiobserved for many months after infection (Lin and Welsh, 1998). Other less dominant clones appearing nant peptide-coated targets were lysed in bulk CTL assays. Figure 6B shows that the total magnitude of the during the acute infection become unresolvable by spectratype analysis in the memory state, probably due secondary CTL response decreased after several viral infections, a result consistent with our LDA data showing to dilution with naive T cells, but they will then reemerge on secondary challenge with LCMV. We hypothesized, reductions in the total CTL memory pool (Figure 1 ). There also were qualitative differences in the CTL response, based on the data presented above in this report, that intervening viral infections might sufficiently alter the T as it would appear that as each virus was added, the host decreased its reactivation of GP33-specific CTL, cell repertoire such that a secondary virus challenge would elicit a considerably different T cell repertoire favored reactivation of NP396-specific CTL, and maintained fairly consistent proportions of reactivated GP276-than that observed during the original acute infection. For this experiment to be properly interpreted, we specific CTL. This, with some exceptions, parallels the selective alterations observed in the LCMV memory CD8 needed to examine windows in the T cell repertoire where LCMV induced a distinct spectratype during the pool by LDA and intracellular IFN␥ staining, but it should be noted that a secondary infection will cause a further acute infection, where the spectratype reverted to a Gaussian distribution in the memory state, where inselection of the T cell repertoire, and a secondary LCMV infection of mice immune only to LCMV drives a selective tervening viral infections did not substantially alter this Gaussian distribution, and where LCMV would reactiproportional expansion of NP396-specific CTL and decline of GP33-specific CTL. Note that LCMVϩPVϩVV-vate the original dominant clones. We would then ask whether the intervening infections changed the reperimmune mice have proportionally high levels of GP33-specific pCTL as shown by LDA. However, this does toire induced by LCMV. Figure 7 shows that the conditions for proper interprenot occur when the LCMVϩPVϩVV-immune mouse is rechallenged in vivo with LCMV. Upon secondary chaltation of this experiment were met by examining the V␤8.1 CDR3 spectratypes emanating from J␤1.3 primer lenge, the host consistently uses the NP396-specific repertoire preferentially. Therefore, there appears to be extension reactions of individual mice whose blood was sequentially sampled as a source of T cells. Here, we a selection for the NP396-specific response, which happens to be the highest affinity response (Hudrisier et al., are examining LCMV-induced T cell responses rather than responses clearly defined as LCMV specific, as it 1996). The GP33 memory pool that is documented to proportionally increase after PV and VV challenge in LDA was not feasible to purify LCMV peptide-specific Indeed, the results presented here are consistent with quency of antigen-specific memory cells, the reduction in memory T cells on subsequent infection is not surpristhe concept that CD8 memory T cells cross-reactive with the challenge virus are maintained while the noning, as the memory pool would fill to capacity very quickly if the host were to maintain antigen-specific cross-reactive memory T cells are deleted. When LCMV immune mice were acutely infected with VV, the LCMV memory pools of this size for all the pathogens it would encounter in a lifetime. In order to accommodate an in-GP33-specific CTL were preferentially reactivated. In LCMVϩPVϩVV-immune mice there has been a greater creasing memory pool in a limited shelf space, the simplest method would be to delete some of the preexisting loss of NP396-specific pCTL and retention of GP33-specific pCTL, suggesting that the potentially crossmemory cells as new infections occur.
Selective Reduction of Epitope-Specific Memory
reactive T cells were maintained. It would thus appear This deletion of the preexisting memory pool may be that the highly efficient immune system is able to maina consequence of an antigen-specific expansion of CD8 tain homeostasis by saving space with two mechanisms, T cells in response to a subsequent infection, followed either the deletion of a portion of the memory CD8 T cell by a competition for protective niches in the spleen and pool or the preservation of cross-reactive CD8 memory T lymphoid organs as the immune system downregulates cells. at the end of infection. It is noteworthy that CD8 T cell responses to PV and VV in LCMV-immune mice occur more rapidly and limit spread of the virus, but they reach ϩ T cell was quantified by LDAs of unsorted cells performed as ples, equivalent to 0.12 ml of blood, were amplified by using a previously described (Selin et al., 1994) .
GeneAmp RNA PCR kit (Perkin-Elmer) with V␤8.1 and C␤ primers, according to the manufacturer's instructions. Two microliters of the amplified PCR products were subjected to Cytotoxicity Assays a cycle of run-off with radiolabeled J␤ primers or five cycles of Cell-mediated cytotoxicity was determined using a standard microrun-off with fluorophore-labeled J␤ primers. One microliter of the cytotoxicity assay (Selin et al., 1994) . Varying numbers of effector fluorescent products was mixed with an equal volume of gel-loading leukocytes were plated in triplicate to achieve the desired E/T ratio. buffer and loaded onto a 4.75% acrylamide sequencing gel. The 51 Cr-labeled MC57G target cells (5 ϫ 10 3 ), either uninfected or inresults were analyzed on an automated DNA sequencer using Genefected with virus, or RMA-S cells, either untreated or pulsed with Scan software (PE Applied Biosystems). peptides, were added to all wells, and after a 6 hr incubation at 37ЊC the supernatant was harvested and counted. Data are expressed Statistical Analyses as percent specific 51 Cr-release ϭ 100 ϫ [(experimental cpm Ϫ The ANOVA test was used for data analysis where appropriate. spontaneous cpm) / maximum release cpm Ϫ spontaneous release cpm)]. Lytic units were calculated using the exponential fit method Acknowledgments ( 
